INTRODUCTION
The study of viral factors involved in human immunodeficiency virus (HIV)-induced CD4 T cell death has rendered controversial results concerning the mechanism of cell death, apoptosis or necrosis, and the nature of dying cells, infected or uninfected. Although several authors emphasize the nonapoptotic death of productively infected cells [1] [2] [3] , others have shown that uninfected cells die during HIV infection in vitro [4] or in vivo [5] .
The expression of the HIV envelope (Env; gp120/gp41) has been shown to contribute to CD4 T cell death [6 -8] by several mechanisms involving the ability of Env to interact with cellular receptors in infected and uninfected cells [9 -14] . HIV Env uses CD4 as a first receptor and then interacts with one of the HIV coreceptors CXC chemokine receptor 4 (CXCR4; X4-Env) or CC chemokine receptor 5 (CCR5; R5-Env) to activate gp41-mediated fusion [15] . In most cell-culture models of HIV infection, X4 HIV isolates appear to be more cytopathic than R5 HIV isolates [16 -18] , and in vivo, X4 viruses have been associated with a faster disease progression [19] . However, R5 isolates are also able to deplete CD4 T cells and cause AIDS in HIV-infected patients [20] .
Quantitative differences in the cytopathic effect of X4 and R5 HIV isolates in vitro can be explained by the expression of CXCR4 and CCR5 on target cells [17] . However, it is not clear how CD4 [14, 21, 22] and coreceptor signaling [12, 23] triggered by gp120 binding contributes to these differences. In this regard, it is controversial whether X4-or R5-Env may induce cell death by caspase-independent or -dependent mechanisms [24 -26] .
In addition to CD4 and coreceptor-related events, we have recently described the active role of gp41 in bystander CD4 T cell death induced by cells expressing X4-Env [27, 28] . Here, we have studied the role of gp41 and CCR5 during cell-surface R5-Env-induced cell death.
MATERIALS AND METHODS

Cells
Peripheral blood mononuclear cells (PBMC) from healthy donors were purified by Ficoll-Hypaque sedimentation. CD4 T cells were immediately isolated from purified PBMC by negative selection (StemCell, Vancouver, Canada) and were used without stimulation. Primary cells and the CD4 ϩ /CXCR4 ϩ /CCR5 ϩ cell line MOLT-4/CCR5 cells were cultured in RPMI. Other cells (HeLa-P4R5, U87.CD4/CXCR4, and U87.CD4/CCR5) were cultured in Dulbecco's modified Eagle's medium. Media were supplemented with 10% heat-inactivated fetal calf serum (FCS; Invitrogen, Barcelona, Spain) and selection antibiotics when required.
Viruses and chronically infected cells
Recombinant HIV carrying Env genes corresponding to the NL4-3 or BaL isolates were constructed in a HIV HXB2 backbone as described [18] . Chronically infected cells were obtained after infection of MOLT-4/CCR5 cells with NL4-3 and BaL recombinant viruses and the previously described primary isolates CI-1-SI and 168.1 [29, 30] . NL4-3 and BaL are prototypic X4 and R5 laboratory-adapted HIV isolates, respectively. CI-1-SI is a highly pathogenic X4 primary isolate, described previously [29, 30] . 168.1 is a cloned, clinical isolate obtained from a HIV-infected patient with a nonsyncytium-inducing (NSI, R5) viral phenotype [30 -32] .
Persistently infected cells recovered after acute infection were assayed for Env expression by flow cytometry using pooled serum from HIV ϩ individuals revealed with goat anti-human immunoglobulin G (IgG; Sigma, Madrid, Spain) [28] . Env function was determined in cocultures (ratio 1:1) with reporter HeLa-P4R5 cells in the presence of 2 M azidothymidine (AZT; Sigma) to evaluate ␤-galactosidase (␤-gal) activity induced by cell-to-cell fusion. Viral tropism was assayed by infecting U87.CD4/CXCR4 and U87.CD4/CCR5 with cell-free supernatants from uninfected and infected MOLT-4/CCR5. The production of HIV p24 antigen was evaluated 5 days after infection [30] using a commercial enzyme-linked immunosorbent assay (ELISA) kit (Innogenetics, Madrid, Spain). To compare the apoptogenic potential of virus-expressed and cell-surfaceexpressed Env, target cells were cultured for 24 h with increasing amounts of infected (NL4-3 or BaL) or uninfected MOLT/CCR5 cells and with cell-free viral preparations harvested from cultures of these cells. Viral inputs were normalized by the amount of p24 assessed by a commercial ELISA kit (Innogenetics).
Cocultures of infected and uninfected cells
Evaluation of cell death
In cocultures of uninfected and infected MOLT cells, in which most cells die as a consequence of syncytium formation and subsequent apoptosis, total cell death was analyzed after hypotonic lysis of syncytia and staining of isolated nuclei with propidium iodide (PI; Sigma). As described previously [27] , nuclei showing subdiploid DNA content were considered to be apoptotic.
Cell death occurring in single target cells was quantified by flow cytometry in a forward-versus side-scatter (FCS and SSC, respectively) plot as described [27] and by determining mitochondrial membrane potential and plasma membrane integrity after simultaneous staining (37°C, 15Ј) with 40 nM mitochondrial probe 3,3Ј-dihexyloxacarbocyanine iodide (DiOC 6 ; Molecular Probes, Leiden, The Netherlands) and 1 g/ml PI (Sigma). Primary cells were easily identified by morphological parameters or by CD3 and CD4 staining as described below. Gated CD4 T cells (living or dead) were more than 98% single events as assessed by determining the presence of doublets or higher cellular concatenates in a dot plot of area and width of signals. Contaminating events (usually less than 2%) were probably debris from MOLT cells or syncytia, which usually appeared close to, but with higher SSC values than, CD4 T cells. For analysis of mitochondrial membrane potential and PI uptake, only single events were analyzed. Syncytium formation was visualized in a Nikon TE-200 Eclipse microscope equipped with a Kappa charge-coupled device camera.
Characterization of living and dead cells
After coculture, cells were stained with phycoerythrin-labeled anti-CD8 mAb, peridinin chlorophyll protein-labeled anti-CD3 mAb, and anti-CD4 mAb, fluorescein isothiocyanate (FITC)-labeled mAb Leu3a (BD), which recognizes the gp120-binding site in CD4, or mAb L120.3 (BD), which does not crosscompete with gp120. For L120.3 staining, cells were washed after incubation with this mAb, and bound antibodies were revealed with FITC-labeled goat anti-mouse IgG. Cells were washed again and then incubated with anti-CD3 and anti-CD8 mAb. Flow cytometry analysis was done after gating living or dead lymphocytes. In some experiments, cells were labeled with the FITClabeled anti-CCR5 mAb 2D7, and target cells were gated as CCR5-positive or -negative.
Detection of proviral DNA
After coculture, cells were collected and DNA extracted (QIAamp blood kit, Qiagen, Hilden, Germany). Proviral DNA was amplified using the following primers: CCTAGCATTTCATCACGTGGC (275-295 of HXB 2 ) and TTCTT-GAAGTACTCCGGATGCAG (303-325 of HXB 2 ). In parallel, RNase P gene was amplified to assess total DNA (TaqMan RNase P control reagent, Applied Biosystems, Madrid, Spain). Quantification was performed in an ABIPrism 7000 sequence detection system (Applied Biosystems). After fitting to standard curves, data were given as the ratio of HIV DNA and RNase P copies. As HIV-infected MOLT-4/CCR5 cells contain integrated proviral DNA, de novo synthesis occurring in CD4 T cells was evaluated by subtracting background values obtained in control cultures of HIV-infected MOLT-4/CCR5. This background was 0.54 Ϯ 0.05 and 3.0 Ϯ 0.7 copies HIV/copies RNase P (meanϮSD) for NL4-3-and BaL-infected MOLT/CCR5 cells, respectively.
Statistical analysis
Statistical analysis was performed using the two-sided Student's t-test. P values Ͻ0.05 were considered to indicate statistical significance.
RESULTS
Characterization of chronically infected cells
Chronically infected cells were established by infecting MOLT-4/CCR5 cells with recombinant viruses bearing the Env corresponding to the laboratory-adapted HIV isolates NL4-3 (X4) and BaL (R5). After acute infection, viable cells were p24 ϩ and CD4 -(data not shown) and expressed comparable levels of Env on their surface (Fig. 1a) . Infected cells showed similar fusogenic capacity against HeLa-P4R5 reporter cells (Fig. 1b) and induced similar cytopathic effects when cocultured with uninfected, labeled MOLT-4/CCR5 cells, as assessed by the presence of syncytia and the level of subdiploid (dead) nuclei [27] (Fig. 1c) . Coreceptor use of viruses harvested from infected cells confirmed the use of CXCR4 by NL4-3 and the use of CCR5 by recombinant BaL (Fig. 1d) .
Env-dependent cell death in primary lymphocytes
Unstimulated PBMC showed high sensitivity to cell-surfaceexpressed X4-Env-induced cell death [27] . After coculture with different MOLT-4/CCR5 cells, primary lymphocytes can be easily gated by morphologic parameters, which in turn allow for the analysis of the living and dead lymphocyte populations (Fig. 2a) . As expected, MOLT-4/CCR5/NL4-3 induced a marked increase of dead cells, compared with uninfected MOLT-4/CCR5 cells (R2, Fig. 2a ). CD4 staining with the L120.3 mAb [36] revealed the specific death of single CD4 ϩ T cells (Fig. 2b) . In contrast, MOLT-4/CCR5/BaL cells induced a slight increase of morphologically dead CD4 T cells (Fig. 2b) .
To confirm the death of CD4 T cells, we analyzed mitochondrial membrane potential and plasma membrane function using DiOC 6 and PI staining. After 24 h coculture with X4 or R5 HIV-infected cells, most of single dead (DIOC low) CD4 T cells displayed a necrotic or late apoptotic phenotype, defined by PI uptake (upper left quadrants in Fig. 3a) . Loss of mitochondrial membrane potential and plasma membrane function was concomitant to morphological features of death (low FCS values, Fig. 3a) . Analysis of pulse area and width revealed a negligible (less than 2%) presence of contaminating small syncytia or debris in R1 or R2 gates (data not shown).
Consistent with morphological data, NL4-3-infected cells induced higher levels of single-cell death than BaL-infected cells. Despite strong quantitative differences, single-cell death induced by R5-Env reached low but significant values in cocultures of purified CD4 T cells with MOLT-4/CCR5/BaL cells (7Ϯ2% of dead cells compared with 2Ϯ1% in control cocultures, PϽ0.05). Agents targeting CD4 (PRO 542 or mAb Leu3a) inhibited X4-and R5-Env-induced death. In contrast, agents blocking CCR5 (PRO 140 (Fig.  3b) , suggesting that in addition to CCR5 expression, BaLinduced cell death required gp41 function. Moreover, PTX treatment used to block G-protein-dependent signals through CXCR4 or CCR5 did not inhibit cell death (Fig. 3b) . No signs of CD4 T cell death were observed 24 h after incubation of CD4 T cells with supernatants of MOLT/CCR5 cells containing equivalent or higher amounts of p24 than cellular preparations (Fig. 3c) , suggesting that cell-to-cell contacts are a prerequisite for cell death to occur. 
R5-Env selectively killed CCR5-expressing CD4 T cells
It is well established that few primary CD4 T cells express detectable levels of CCR5 [37] . Indeed, only 9 Ϯ 2% (meanϮSD, nϭ8) of CD4 T cells expressed CCR5 in our preparations, and CXCR4 was detected in 98 Ϯ 2% of cells. Analysis of CCR5 expression (defined by 2D7 staining) in CD4 T cells cocultured with MOLT-4/CCR5/BaL cells revealed a specific loss of living CCR5 ϩ cells, which was insensitive to AZT but was inhibited by blocking Env function at the coreceptor or the gp41 level (Fig. 4a) . The loss of CCR5 ϩ cells was not only explained by syncytium formation but was also associated to a specific increase in the death (38Ϯ9%) of single CCR5 ϩ CD4 T cells. Conversely, viability of CCR5 -cells remained unchanged (Fig. 4b) . Cell death was insensitive to AZT but was completely inhibited by TAK-779 or C34 (Fig.  4b) . Despite these opposite effects on Env-induced cell death, AZT and C34 appeared to be equally efficient inhibiting the synthesis of proviral DNA in cocultures of CD4 T cells with NL4-3-or BaL-infected MOLT-4/CCR5 cells with PBMC, as both drugs returned proviral DNA content to background values (Fig. 4c) , suggesting that productive infection did not contribute to short-term (24 h) death occurring during cellular contacts.
Prolonged cocultures of MOLT-4/CCR5/BaL cells with CD4 T cells confirmed the resistance of CCR5
-/CD4 T cells to R5-Env-induced death. After 5 days, MOLT-4/CCR5/BaL cells induced only a modest increase in the number of dead CD4 T cells (Fig. 4d) , despite massive binding of gp120 to CD4, as measured by the blockade of the Leu3A epitope of CD4 (83Ϯ2%, data not shown) in living cells. Taken together, our data suggest that signaling elicited by BaL gp120 binding to CD4 was not sufficient to kill unstimulated CD4 T cells and that CCR5 expression is required for gp41-mediated R5-Envinduced single-cell death.
CD4 T cell death induced by primary HIV isolates
To extend our observations to primary HIV isolates, we infected MOLT-4/CCR5 cells with the virus strains 168.1 [30 -32] and CI-1-SI [30] , displaying R5 and X4 phenotype in U87 cells, respectively (Fig. 5a ). When cocultured with primary, unstimulated CD4 T cells from healthy donors, MOLT/CCR5 cells infected with the CI-1SI isolate were more pathogenic than 168.1-infected cells (58Ϯ5% and 4.2Ϯ0.3% of single dead CD4 T cells, respectively, Fig. 5b ). However, both Env induced single-cell death by a mechanism that required CD4 and coreceptor expression and were inhibited by the gp41 inhibitor C34 (2Ϯ1 and 2.1Ϯ0.3% of dead target cells for CI-1-SI and 168.1 Env, respectively, Fig. 5c ), suggesting that the ability to kill coreceptor-expressing CD4 T cells is a general feature of HIV-infected cells.
The effect of caspase inhibition on R5-and X4-Env-induced single-cell death Blockade of gp41 function by C34 abrogated all signs of single-cell death and syncytium formation (Fig. 6a) . However, blockade of caspase activities by the pan-caspase inhibitor Z-VAD-fmk reduced the number of single dead cells, as measured by PI uptake and loss of mitochondrial membrane potential (Fig. 6a) with a concomitant increase in the size of syncytia (Fig. 6a) . To investigate the mode of action of Z-VADfmk, we performed kinetic analysis of cell death inhibition. Z-VAD-fmk was able to inhibit cell death induced by X4-and R5-Env-presenting cells at short (2-4 h) time-points (Fig. 6b) . As syncytia die after a caspase-independent loss of mitochondrial membrane potential [9] , no effect of Z-VAD-fmk on syncytium survival is expected at these short times, suggesting that the increase in syncytium formation observed in the presence of Z-VAD-fmk may be a result of fusion of cells that otherwise would die during cellular contacts. Consistently, Z-VAD-fmk failed to significantly increase the recovery of single living CD4 T cells after 24 h coculture with X4-and R5-Env-presenting cells, contrasting with the complete protection induced by C34 (Fig. 6c) .
DISCUSSION
We have reported that the death of single CD4 T cells induced by cell-surface-expressed X4 HIV Env completely depends on gp120 interaction with CD4/CXCR4 and on gp41 function [12, 27, 28] . Here, we extend these observations to persistently infected cells expressing R5-Env from laboratory and primary HIV isolates. In all cases, cell death was independent of the productive infection of target cells (Fig. 4c) but required gp120 and gp41 functions and cellular presentation, as it was not observed after short-term (24 h) incubation with cell-free virus particles (Fig. 3c) [12, 27, 28] . Although several authors have reported an apoptogenic activity of recombinant or virus-expressed X4 and R5 gp120 [10, 21, 25, 38] , this effect seems to require long incubation times (more than 24 h) and to reach low levels in primary T cells [39] , which have been described as resistant to cell death induced by free viruses [26] . In agreement with this latter report, we were able to detect CD4 T cell death exclusively after presentation of Env by persistently infected cells. In these settings, we were unable to assign an active role to CD4 or CCR5 signals in R5-Env-induced cell death, which was completely dependent on gp41 activity (Fig.  3b) , as described for X4-Env [12, 14] . Cytopathicity of gp41-dependent events has been described during syncytium formation [40, 41] or self-destruction of Env-expressing CD4 ϩ cells [26] . Here, we show that during cellular contacts, X4-and R5-Env-induced cell death could be defined by morphological changes, PI staining, loss of mitochondrial membrane potential, independence of G-protein signals, sensitivity to Z-VADfmk, and gp41 dependence. Thus, X4-and R5-Env-expressing cells appear to kill coreceptor-expressing cells via a similar mechanism.
The absence of the appropriate coreceptor prevents the activation of gp41 function, rendering cells lacking CCR5 completely resistant to short-term (24 h, Fig. 4b ) or long-term (5 days, Fig. 4d ) R5-Env-induced killing. Moreover, stimulation with phytohemagglutinin, interleukin (IL)-2, IL-4, or IL-7 failed to sensitize CD4 ϩ /CCR5 -cells to R5-Env presentation (data not shown). Therefore, massive cytopathic effects induced by R5-Env should not be expected in experimental models of HIV infection (tonsil or thymus), where the expression of CCR5 is low [16] . In contrast, irreversible depletion of gut lymphocytes by R5 viruses has been reported in primary HIV infection [42] . In fact, PBMC from HIV-infected patients [43] or specific CD4 T cell subsets, such as the above-mentioned gut or lung lymphocytes, express high levels of CCR5 [44, 45] and are potential targets for R5-Env (gp41)-induced death. Thus, the use of CCR5-or CD4-blocking agents such as PRO 140 or PRO 542, whose anti-HIV activity in vivo has been recently described [46] , may be relevant in AIDS clinical practice beyond their blockade of HIV replication at the entry level.
Cell-to-cell HIV transmission, single-cell death, and effective cell-to-cell fusion (syncytium formation) are possible outcomes for the contact between HIV-infected and uninfected cells. Single-cell death and syncytium formation result in the loss of single living CD4 T cells and assuming that dead cells are unable to support fusion and that syncytium formation is an irreversible process [47] , are mutually excluding processes. Thus, our data suggest the sequence of events shown in Figure  7 . Cellular synaptic junctions involving HIV Env, CD4, and coreceptor [48] result in a high number of gp41 activation events, which can result in single-cell death or cell fusion (Fig.  7) . Rescuing cellular conjugates from death with caspase inhibitors would increase the success of the cell-to-cell fusion process. Therefore, despite little quantitative effects on remaining CD4 T cells after coculture, Z-VAD-fmk has a strong, qualitative impact on the loss of CD4 T cells (Fig. 6) , which may help to explain controversial results concerning the role of caspase activation during HIV Env-induced cell death [24, 25] . Model for cytopathic effects during contacts between uninfected and HIV-infected cells. In the absence of coreceptor, infected (upper dark) and uninfected (lower) cell-to-cell contacts fail to trigger apoptotic signals. However, expression of the appropriate receptors allows for the activation of fusogenic activity of gp41 that can lead to a fusion event (syncytium formation) or to the death of target cell before irreversible fusion occurs. Caspase inhibitor (Z-VADfmk) modulates the balance between these outcomes.
As for other viral infections, it is not in the interest of HIV to trigger premature target cell death, which would result in reduced viral progeny [49] . However, HIV Env-induced cell death is restricted to cellular contacts (Fig. 3c) , which are known to increase 100-to 1000-fold the infectivity of HIV as compared with cell-free viral preparations [50] . Therefore, one can speculate that death of some target cells may be the price that HIV pays for increasing the efficiency of infection. A better characterization of the role of cell-to-cell contacts in HIV pathogenesis and the identification of factors increasing or inhibiting cell death during these contacts will help to understand the relevance of this process in vivo.
